Abstract-Conceptual modeling of a subject domain, which produces its conceptual model, is an important stage in designing information systems. In recent years, much attention in the development of such systems has been given to reusing information resources and to providing access to them at the semantic level. Meth ods and technologies of ontological modeling have lately been under intensive development. In this paper, problems and preconditions of conceptual modeling of the subject domain in database technologies and information systems are discussed. Various approaches to conceptual modeling, conceptual modeling lan guages, and the respective tools are considered, various interpretations of the role of the conceptual model of the subject domain are discussed, and the current state of conceptual modeling tools produced by software industry is assessed. The relationships between the conceptual schemas of the subject domain and ontologies are analyzed and their similarities and differences are described. Terminological issues and the directions of research in the field of conceptual and ontological modeling are considered. An extensive list of references is given.
INTRODUCTION
The first database systems appeared in the begin ning of the 1960s when computers became equipped with random access external storage. The majority of these systems were intended to be a tool for applica tion programmers. The interfaces of the DBMSs developed at that time were mostly application pro gramming interfaces (APIs).
The database systems were attractive for applica tion programmers because they saved them the neces sity to repeatedly develop for every application the operations for managing the data stored in the external memory. Moreover, as compared with file systems, DBMSs provided higher level functional capabilities for manipulating the data, provided data access with smaller granularity, and took into account their "fine" structure. The application developer was also freed from maintaining the data integrity and security, and from providing concurrent access of applications to the data.
Under these conditions, it was natural that data bases were mostly considered to be a technological element of applications rather than an information model of the subject domain.
At the early stages of the development of database technologies, databases were designed on the basis of the developer's intuitive understanding of the subject domain; this understanding was not explicitly described. It was mentally transformed into an infor mal description of the intended database structure, which was usually represented in a graphical form. For example, this could be done in the form of Bachman's diagrams [1] or tree like hierarchical structure dia grams depending on the data model supported by the DBMS in which the system was to be implemented. Further, the diagrams were mapped into the environ ment of this DBMS and were then materialized in the form of the database schema in the data description language used in this DBMS. Such diagrams can be considered as a prototype of modern visual design lan guages. The approach to the database design used at that time is thoroughly studied in [2] .
We see that no explicit models of the subject domain supported by the system mechanisms were used at that stage of the development of database tech nologies. Databases were designed using nonformal ized intuitive procedures. Under these conditions, no theoretical foundations and theoretically justified methodologies of designing database systems could be formed.
Later, the origination of DBMSs produced by soft ware industry, rapid increase in the number of installa tions, and the expansion of the field of application of database technologies stimulated the research and development of the theoretically grounded database design methodology. The key role in this field was played by the researches in the architectural aspects of database systems, modeling of subject domains, and data modeling.
By the mid 1970s, the understanding of the fact that a consistent conceptual models of the subject domain implemented in the conceptual database schema must be explicitly supported in database sys tems was reached. This model must be common for all applications of a particular system independently of their view of the database and independently of the organization of the data storage. These ideas were first formulated in the well known interim report of the Study Group on Database Management Systems of the Standards Planning and Requirements Committee ANSI/X3/SPARC [3] , which was published in 1975 and has since been cited in numerous publications.
In that report, an approach to the architecture of the database system as a hierarchy of data abstractions providing a multilevel representation of the database was proposed. At the same time, the role of conceptual modeling of the subject domain in database design was emphasized. More precisely, the necessity to have an explicit representation of the conceptual modeling result (conceptual database schema) and to support it using the DBMS mechanisms was stressed. This approach and the terminology introduced in that report (conceptual schema, conceptual data model, con ceptual database) emphasized another role of database systems. Essentially, the report stressed that a database system should be considered not only as a technologi cal component of applications but also as an informa tion model of the subject domain. Under the influence of the ANSI/X3/SPARC report, the conceptual mod eling of the subject domain started to be considered as an indispensable part of database design.
The CASE technologies, which appeared at that time, were related to designing databases; they started to include tools for supporting this stage of the data base systems development. CASE manufacturers included the corresponding functions in their software products.
Various aspects of conceptual modeling in database and information systems technologies were discussed in many publications in the course of the last three decades. It is hardly possible to give a detailed analysis of this literature within a single paper. Here, we restrict ourselves to the main directions and results obtained in this field.
Note that the issues of the conceptual modeling of the subject domain relate not only to database tech nologies and information systems. It is well known that they also directly pertain to programming lan guages and knowledge engineering. Such "universal ity" of these issues was discussed in the beginning of the 1980s (see [4, 5] ). In the last decade, these prob lems became of current interest for Web technologies in the context of the Semantic Web technologies. Here, the ontological modeling of the subject domain is an important direction of research. Due to the efforts of W3C, which forms the new technological platform for the Web, a specification of the formal lan guage for ontology description was developed; this language has the status of the W3C recommendation (consortium standard). Free and commercial software for the development, support, and use of ontologies is already available. Many research groups develop ontologies for various subject domains.
Among the experts in databases and information systems and among experts in knowledge engineering, no unified and clear understanding of the relationship between conceptual databases schemas and ontologies has yet formed. One of the main goals of this paper is to discuss these issues.
The remaining part of the paper is organized as fol lows. First, we consider in Section 2 the principles of the multilevel architecture of database systems and the three schema technology proposed in the ANSI/X3/SPARC report, which includes the concep tual database schema; we also discuss the basic con cepts related to this architecture. In Section 3, we con sider the conceptual modeling of the subject domain as a common task of knowledge engineering, pro gramming technology, as well as database and infor mation system technologies. Although the conceptual modeling of the subject domain is considered in this paper mainly in the context of database technologies, it must be interpreted as a more general task. Various approaches to the conceptual modeling of the subject domain and the corresponding tools are considered in Section 4. In Section 5, we discuss various interpreta tions of the role of the conceptual model of the subject domain and the approaches to its use in database sys tems including those based on modern CASE technol ogies. In Section 6, we analyze the relationship between the conceptual and ontological modeling of the subject domain and between the conceptual data base schema and ontology; we discuss their similarities and differences. Section 7 is devoted to terminological issues. Finally, in Section 8, we briefly discuss the directions of the conceptual modeling development that are of current interest.
Additional information about the issues discussed in this paper can be found in [6] [7] [8] [9] .
2. THREE SCHEMA ANSI/X3/SPARC TECHNOLOGY In 1975, the interim report of the Study Group on Database Management Systems of the ANSI/X3/SPARC was published [3] ; for brevity, it is often called the ANSI/SPARC report. It is much better known than the final report of this group (see [10] ), which is, in essence, a short presentation of the ideas put forward in the interim report.
Report [3] was a result of the several year work of the group established within the US national stan dards making bodies for resolving the urgent need of the 1970s to determine reasonable candidates for stan dardization in the field of database technologies. The opinion of the report authors was that the candidates should be sought in the architecture of database sys tems, and that interfaces of the DBMS architectural components rather than their functional capabilities and algorithms of operation must be standardized.
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This conclusion was constructively implemented in the report. It proposed a general architectural model of a database system such that the architecture of any concrete system is a particular case of the general model. This model was described to a considerable degree of detail; it included all the significant inter faces.
The main criterion used by the developers of this architectural model was to ensure a high degree of data independence in a database managed by a DBMS hav ing such an architecture. The independence of data is an important property of database systems. At various stages of the lifecycle of such a system, it provides, for each group of persons using the database (various groups of users, system administrators, database designers, and others), the possibility to interact with the database in terms of the representation that is most natural for these groups.
In addition to the report mentioned above, the properties of the three schema ANSI/SPARC archi tecture (as it is often called in the literature) are also discussed in many other publications. Here, we restrict ourselves to a brief characteristic of this architecture.
The architecture of early DBMSs saved the users and application developers from the necessity to know the organization of the data storage in the database. These systems supported a hierarchy of data abstrac tions associated with the physical and logical levels of the data representation. The physical representation is the representation of the data in the data storage. The logical representation is the virtual representation of the data abstracted from the characteristics of the data storage. The physical database really exists. It is fully materialized in the data storage devices. The logical database does not exist in a materialized form. Rather, when data structures of the logical database are accessed, they are generated from the stored data using the description of the map between the logical and physical databases maintained by the DBMS. Such an architecture ensures data independence if the mechanisms of the interlevel data mapping are man ageable.
The principle of the multilevel data representation in database systems was proposed in many studies that were precursors of the ANSI/SPARC report. Among them is the CODASYL approach implemented in its language specifications that were first published in 1969 (see [11] ); the last version of this language was published in 1978 [12] . The ideas of the multilevel approach to the data representation in database sys tems were also proposed in the DIAM project [13] [14] [15] [16] , in [17, 18] , and in other studies. However, the ANSI/SPARC report presented a common view of experts on the important principles of multilevel architecture. For that reason, it was this document that became a guide for the developers of new DBMSs, CASE tools, and concrete applied database systems in various fields.
The core of the architecture proposed in the ANSI/SPARC report is the conceptual database repre sentation level. The mechanisms of this level must be based on the so called conceptual data model, which is a conceptual modeling language used to describe the conceptual database schema. These mechanisms also must support the conceptual schema and the corre sponding database representation called the concep tual database. In turn, the conceptual schema must provide a unified representation of the information needs of the whole community of the database system users that is independent of the storage characteristics and of the representation of the database from the per spective of concrete users and applications. Such a unified representation ensures that the data consid ered as a social resource are shared by the database users; it implements the principles of data indepen dence in the system, the stability of its multilevel architecture, and can provide a basis for access control to data.
Furthermore, it is assumed in the report that the stored database is supported by the mechanisms of the internal level of architecture based on the internal data model and is described by an internal schema. Mecha nisms are provided for mapping the data between the internal and conceptual levels; these mechanisms pro vide support for operations over the conceptual data base. In particular, they generate data of the concep tual database when it is accessed at the conceptual level.
Users interact with the database system designed according to the ANSI/SPARC architecture using external level mechanisms. These mechanisms can support various external data models, and the access to the database is performed in terms of the external level mechanisms via user interfaces. Correspondingly, var ious external schemes described using these models and reflecting the representation of the database from the viewpoint of different groups of users and (or) for various applications can be supported. Interlevel data mapping between each of the external data models and the conceptual data model is supported. In particular, these mappings generate external level data from the conceptual database when those data are accessed.
The architectural approach described above ensures the implementation of the data independence principle in the database system due to the fact that the change in the data representation at lower architec tural levels are encapsulated in higher architectural levels due to the redefinition of the interlevel data maps.
The most important issues in the architectural approach under examination are as follows: How the conceptual data model must look like and what the role played by the conceptual schema must be? Leav ing aside the conceptual data model for a while, we note that the report suggests that the conceptual schema must provide a view of the real world modeled by the database system abstracted from the informa PROGRAMMING AND COMPUTER SOFTWARE Vol. 35 No. 5 2009 KOGALOVSKY, KALINICHENKO tion technologies used in the system implementation. The term conceptual used in the report to denote the group of concepts of the central architectural level means that the representation of the subject domain in the conceptual schema is formulated in terms of enti ties and relationships that are natural for the subject domain. This representation must be independent of the system implementation. The conceptual schema produced by the conceptual modeling of the subject domain must be explicitly described and must be sup ported by the system. Under the influence of the ANSI/SPARC report, a methodology for the database design was created. The synthesis of an abstract model of the subject domain that is independent of the technologies that will be used to implement the database system became an indispensable stage of the database design called con ceptual design. At this stage, a conceptual model of the subject domain is produced. Its representation in the conceptual modeling language is the conceptual data base schema. The next stage of the database design is called physical design. At this stage, the internal schema is designed in terms of the internal data model and the map between the internal and the conceptual database schemas is determined. Finally, taking into account the information needs of concrete groups of users and (or) applications, external schemas of the database are designed that correspond to the external data models supported by the DBMS used to imple ment the database system; the map of the external schemas to the conceptual schema are also deter mined at this stage.
Returning to the ANSI/SPARC architecture, we note that the conceptual schema in the sense described above was actually always used in database design; however, its explicit representation was not supported by DBMSs. The recognition of the necessity of its explicit representation in the system and the argumen tation of this principle in the ANSI/SPARC report opened a new important stage of the development of database technologies.
CONCEPTUAL MODELING OF THE SUBJECT DOMAIN
In this section, we briefly discuss the tasks of the conceptual modeling of the subject domain, the essence and the results of such modeling, and the basic related concepts.
We have already mentioned that the conceptual modeling of the real world is not the prerogative of database technologies. The conceptual modeling is also required in knowledge engineering and in pro gramming technologies. The recognition of the fact that conceptual modeling is a common field of interest of these three fields of activity lead to holding the ACM SIGMOD workshop on data abstraction, data bases, and conceptual modeling [19] in 1980. In this workshop, the problems of the conceptual modeling of the real world were discussed from the viewpoint of all those fields. Later, the proceedings of this workshop were used to prepare the collective monograph [4] . Earlier, an attempt to "throw a bridge" between pro gramming languages and database technologies was made at the joint ACM SIGMOD and ACM SIG PLAN conference [20] held in 1976. A considerable contribution to the methodology of conceptual mod eling in the interests of programming and database technologies was made by the conceptual programming methodology [21] , which was implemented in PRIZ. In that project, the capabilities of the ideas and tools developed in [21] for the efficient implementation of complex computing systems and DBMSs were dem onstrated. We also want to mention the results obtained in the field of programming languages for data and knowledge bases [22] . Such languages define a unified data model for the database system and pro gramming languages in which applications are imple mented; thus, the impedance mismatch problem is resolved. Applications operate in the environment of the conceptual model of the subject domain associated with the conceptual database schema. Several high level programming languages for data and knowledge bases were developed (see Section 4) .
In recent years, experts in Semantic Web technolo gies took interest in the problems of the conceptual modeling of reality. The semantic level language tools for technological platform of the new generation Web (XML platform) developed in this field can be used for the conceptual modeling of the subject domain not only in the Web environment but also for developing database and information systems that deal with infor mation resources at the semantic level. Such kind of genericity of the tools developed in this field is explained by the penetration of the XML standards into many divisions of information technologies that are not directly related to the Web. In particular, this pertains to database technologies. In the end of the 1990s, the new direction of database technologies appeared that was given the name of XML oriented databases [23] .
Let us consider the essence of the conceptual mod eling of the subject domain in more detail.
Conceptual modeling is the modeling of entities of the subject domain, of their conceptual structures, characteristic relationships between them, and their behavior in the subject domain. In other words, con ceptual modeling is the process that aims to reveal, analyze, and describe relevant entities of the subject domain, relationships between them, constraints they must satisfy, and their behavior. In [24] , the concep tual modeling is defined as the activity that provides a formal description of the environment in order to understand it and communicate with it. In essence, conceptual modeling provides a knowledge structure about the subject domain, which is a prerequisite for the correct design of an information system [25] . Such a description is called the conceptual model of the No. 5 2009 CONCEPTUAL AND ONTOLOGICAL MODELING 245 subject domain. Therefore, a conceptual model of the subject domain is an abstract description of this domain that is independent of the implementation aspects of the systems in which it is used; this model describes the conceptual structure and behavior of the entities of the subject domain and the constraints imposed on them.
In database technologies, the conceptual model of the subject domain is represented in the form of concep tual schema. Conceptual models can represent the semantics of the subject domain up to various degrees of detail. This property depends on the nature of the means used to describe the model. One of such means is a natural language. Models in natural languages are convenient for understanding; however, they are unstructured and, therefore, poorly suited to the use in computers. For that reason, in widely used information technolo gies, the conceptual models are described using more structured tools beginning from graphical diagrams and up to formal knowledge representation languages. The conceptual models of the subject domain can be used in combination with ontologies (ontological mod els). Such models and their combinations can provide a more detailed description of the semantics of the subject domain.
The following properties of the expressive means are important for representing the semantics of the subject domain in conceptual models: what is an atomic fact, what are the predefined concepts, what are larger information structures that form meaningful constructs, what are the abstraction mechanisms used to describe the subject domain, to formulate state ments, and describe the behavior of the subject domain entities? Various conceptual modeling tools answer these questions differently.
As was mentioned in [26] , the conceptual model of the subject domain in database technologies is synthe sized using abstractions. In conceptual database design, the emphasis is given to the abstraction of the states of the subject domain rather than to the abstrac tion of their transformations, i.e., operations. Later, with the appearance of object databases, the role of state and behavior abstractions became equally impor tant. In [26] , two types of the abstractions used in con ceptual models of the subject domain are distinguished that are synthesized in the course of the conceptual database design. These are aggregation abstractions and generalization abstractions. A more detailed dis cussion of these abstractions can be found in the clas sical papers [27, 28] .
It is suitable to note that the terms conceptual mod eling and conceptualization, which plays an important role in ontological modeling, should not be confused. In the definition of ontology as an explicit specification of the conceptualization of the subject domain proposed by Gruber in [29] , this term is sometimes mistakenly interpreted as the result of conceptual modeling. However, in ontological modeling the emphasis is made on revealing the concepts of the subject domain and their semantic relationships. The term conceptual ization in Gruber's definition must be interpreted in exactly this sense. In order to explicitly describe the conceptual model of the subject domain, conceptual modeling languages are used. However, the ambiguity of the term conceptual can be misleading here because the conceptual and ontological modeling languages are actually abstract languages having different pur poses.
In database technologies 1 conceptual modeling of the subject domain performs two important tasks. First and foremost, it provides a representation of the sub ject domain (the states of this domain are interpreted by the contents of the database) at such level of abstraction that it is convenient for system developers, database administrators, and users. In addition, this representation enables the database designers to spec ify its structure and behavior in a form that is indepen dent of the underlying DBMS.
According the tasks mentioned above, the aim of conceptual modeling of the subject domain in data base technologies is to construct a conceptual schema of the subject domain that defines its conceptual struc ture (that is independent of the implementation), its behavior, and constraints imposed on the elements of the structure. This model is abstract in the sense that it is constructed in terms of types (rather than in terms of the instances of the entities of the subject domain) and the types of relationships between them. In database technologies, such a description of the subject domain is called a conceptual database schema.
It is important to note that the conceptual schemas and ontologies of the subject domain have some simi lar features; still, they are considerably different. Their similarities and differences are thoroughly discussed in Section 6.
Conceptual modeling languages used in database technologies are based on conceptual data models (see Section 4), which are independent of the implementa tion technologies and realize the descriptive functions of these models. In practice ER diagrams, UML class diagrams in combination with the object constraint language OCL (a part of the UML standard proposed by OMG), object description language ODL of the ODMG standard, data description language in SQL, and some others are used as conceptual modeling lan guages.
It has already been mentioned above that, both in database technologies and in knowledge engineering, the conceptual modeling of the subject domain pro duces a conceptual structure (which is of different nature in these two cases) of the subject domain and the associated constraints and descriptions of the behavior that are specified abstractly in the form of functions and processes. The conceptual structure is implemented in the form of a conceptual database schema or knowledge base schema. In the natural way, it is supplemented with an ontological model of the sub ject domain. In software engineering, the conceptual model of the subject domain must also include func tional specifications [30] that describe the functions of real entities denoted by the concepts of the conceptual structure.
High level conceptual modeling languages, which (as objected oriented languages) are usually based on the object paradigm, encapsulate information about the entities of the real world and their behavior in the objects themselves (in their types). Since such lan guages directly map the entities of the real world to objects in a computer based model, they contribute to the improvement of the design and implementation processes.
CONCEPTUAL MODELING TOOLS
Due to the intensification of research on concep tual modeling in database technologies in the 1970s, the development of tools for the explicit representa tion of a conceptual model of the subject domain and the support of this representation by DBMSs became very important.
We mentioned above that an early tool designed for this purpose was in the form of the Bachman diagrams [1] . These diagrams provide a simple tool for visual modeling of the subject domain. However, these dia grams, which were often used in practice, provide a graphical representation of the database schema for systems based on the CODASYL model rather than an abstract model of the subject domain. Furthermore, such a nonformalized description could not provide a basis for computer aided technologies for database design. Modeling tools for a formalized description of the model of the subject domain were required. Such facilities are called conceptual modeling languages. In database technologies, these tools are called con ceptual data models. The development of such tools became a very attractive direction of research.
After the ANSI/X3/SPARC report has been pub lished, there were many discussions concerning the conceptual data model. Along with the use of the rela tional data model, which (due to its abstract nature) started to be used for the conceptual design of database systems and for representing the conceptual database schema, numerous higher level data models and ideas for their construction were proposed.
Among these models is the entity-relationship (ER) model [31] , the object-role model (ORM) [32, 33] and its prototype Nijssen's Information Analysis Methodology (NIAM; also, it is sometimes inter preted as Natural language Information Analysis Method [33] ) (see [34] ), some models based on binary semantic networks (e.g., Abrial's data model [35] in which the ideas underlying the semantic networks used in artificial intelligence and programming lan guages are integrated), FORAL [15, 16] , and the model described in [36] .
There are also other well known high level data models; for example, the extended relational model RM/T [37] , the functional model DAPLEX [38] , the semantic relational model [39] , and SDM [40] . We also mention the IAM approach [41, 42] , work [43] on the use of the concept of role in data models, and others.
Some of the models listed above were considered to illustrate possible candidates for the role of the con ceptual data model in the report of the ISO working group TC97/SC5/WG3 concerning the concepts and terminology for the conceptual schema and informa tion base [44] (see Section 5), which was a result of the group's several year activity.
High level data models used for conceptual model ing are called semantic models. Works [27, 28] by J. Smith and D. Smith on data abstraction had great impact on the development of such models and on the formation of the conceptual modeling methodology.
In the study of the approaches to the conceptual modeling of the subject domain, many studies are devoted to the creation of models based on mathemat ical theories; these are represented as formal lan guages. The algebraic and logic apparatus plays an important role in the development of the theoretical basis and tools for modeling the semantics of the sub ject domain. A systematic analysis of the capabilities of modern algebra and mathematical logic for modeling the semantics in database systems can be found in [45] .
A well developed class of semantic data models consists of logical models, which are intensively studied in the area of deductive databases. Deductive databases are the database systems that are able to deduce (using DBMS mechanisms) new facts from the facts that are already stored in the database. It is mentioned in the thorough survey [46] that the first ideas on the use of logical inference in database systems were proposed as early as in the second half of the 1960s. However, a wider interest in the use of mathematical logic and deduction in database technologies appeared due to the wide adoption of the relational data model and due to the appearance of logical programming based on the Prolog programming language developed in the beginning of the 1970s. This direction of research in the theory and technology of databases attracted the attention of a large group of researchers.
Deductive database systems, which are very inter esting both from the mathematical and applied points of view, are based on logical models. They can be effectively used in decision making systems, in plan ning systems, and in many other fields. Deductive databases extend the capabilities of relational data bases; in fact, relational databases are a degenerate particular case of such databases. Deductive databases enable one to describe the semantics of the subject domain in a formal language. A series of advanced prototypes of deductive databases was developed. A comparative review can be found in [47, 48] . Theo retical results obtained in this field are thoroughly ana lyzed in [49] , in surveys [50, 51] , and in many other publications. An exhaustive retrospective survey of the research and products in the field of deductive data bases performed in the course of twenty years is given in [46] .
A deductive database consists of two parts-an extensional and intensional ones. The extensional database is a set of basic propositions (facts). This part can be implemented, for example, in a relational data base. The intensional database consists of a set of axi oms (inference rules) and integrity constraints that are used by the DBMS mechanism for deducing new facts. In effect, the intensional database plays the role of the conceptual database schema. Therefore, the conceptual schema in such systems is represented in a strict formal language, and it is characterized by a high level of the representation of the subject domain. However, this representation can be used only by experts who received special training.
An example of a conceptual data model of this kind is the model implemented in the well known Datalog language [49] . This language is an adaptation of the logical programming language Prolog for the needs of database technologies [52] .
After the appearance of the object approach to modeling the subject domain, a synthetic approach called object oriented deductive databases was formed on the basis of the research in the field of deductive databases. In this field, special conceptual modeling languages, such as F logic [53] based on the higher order logic, were developed.
Although a solid theoretical foundation for deduc tive databases has been created and it has been experi mentally tested, commercial tools for the develop ment of such systems are yet to be created. However, this approach had a great impact and continues to affect the development of database theory, it is consid ered in many publications, and some custom made projects for various application domains are imple mented.
Programming languages for data and knowledge bases mentioned in Section 3 (they were developed in the 1970-1980s) also fall in the realm of conceptual modeling tools. According to the name, this category of languages also includes some semantic level lan guages. Among them are the object oriented lan guages Galileo, Orion, Iris, and Atlant and its exten sions; the latter was developed by A.V. Zamulin who was a pioneer in this research area. The basic proper ties of these and other languages of this category are described in [22] .
Among the high level languages designed for the conceptual modeling of the subject domain, we should mention Utopist [21] developed in the framework of the project PRIZ, which implements the conceptual programming methodology proposed by E. Tyugu.
The model implemented in the conceptual model ing language used in the Taxis project [24, 54] also belongs to the category of semantic level conceptual data models. This is an impressive research project of the beginning of the 1980s devoted to the development of tools and methodology of the conceptual design of information systems. This project deserves to be con sidered in more detail. It was developed in the Univer sity of Toronto under the guidance of J. Mylopoulos. This group is engaged in the research at the junction of knowledge engineering, database technologies, and information systems. Taxis was a symbiosis of cutting edge ideas in the fields of knowledge engineering, pro gramming languages, and database technologies. The design of a database base was considered by its authors as an indispensable part of the design of the respective information system.
The descriptive means of Taxis serve to represent the conceptual schema. In essence, this language is based on the object approach and semantic networks. It supports the concept of object; objects can be related by properties (attributes). Objects are orga nized into classes, which can be objects themselves. Classes can be members of metaclasses. Therefore, classes can also possess properties. A hierarchy of classes, class specialization relation, and inheritance of properties are supported.
The Taxis language provides means for modeling activities. To model short lived activities, the concept of transaction is used. There is a procedure oriented mechanism for controlling exceptions. Persistent activities are modeled using the concept of script. Scripts are constructed using Petri nets that have transactions as their nodes. Because the project was developed for designing interactive information sys tems, it also included tools for describing user inter faces on the basis of the object paradigm. Finally, means for modeling the requirements for the system to be designed were also provided. To this end, a require ment modeling language (RML) was developed. A design methodology was developed based on the approaches and languages described above and a development environment was created in which all the aspects of functionality were harmonized and were ultimately based on unified principles.
The project Telos [24] was the further development of Taxis. The aim of that project was to create an advanced language of the same name for supporting the development of knowledge based information sys tems. The idea of the authors was to create a language that could describe several areas of reality called worlds that are related to the design and operation of the information system to be developed. These are the subject domain, the usage world (models of users and usage environments), the system world (requirements for software), and the development world (developer teams and the methodologies used for the develop ment). Initially, the RML was used as the basis, and it was enriched with some additional features. As a result, the conceptual modeling language (CML) was created that was later elaborated and formalized. The version of this language modified with regard to the experience gained in the course of the implementation of several prototypes got the name of Telos.
Telos is based on the object oriented paradigm in which the aggregation, generalization, and classifica tion abstractions are supported, and the concept of time is explicitly included. The main concepts of the language are object, attribute, and proposition (including temporal proposition). Classes and meta classes may be defined not only for objects but also for attributes, which are considered as objects in their own right. The language uses the results of the theory of deductive databases. In Telos, the sublanguage of propositions is used to specify rules and integrity con straints. The language has means for executing queries against the system based on that language and for updating the knowledge.
Several independent implementations of Telos were developed using different development toolsProlog, Lisp, and Smalltalk. These implementations were applied in various subject domains.
Among the Russian projects in the field under con sideration, we want to mention the language SYN THESIS developed under the guidance of L.A. Kalin ichenko [55] ; a more advanced version of this language was described in [56] . This language was designed as a basic tool for integrating heterogeneous information resources. In the last published version, which is the result of the 15 year long evolution of this language, SYNTHESIS is considered by its authors as a tool for the canonical modeling of information and defining mediators for problem solving in heterogeneous infor mation resource environments. SYNTHESIS is a semantic high level conceptual modeling language. In addition, it makes it possible to construct various extensions called canonical informa tion models. These models include some extensions of SYNTHESIS for supporting maps of various informa tion models to the canonical model. The language uses the principles of object approach and frame models, the logic apparatus, tools for the description of work flows, for the manipulation of information resources, and for transaction management.
SYNTHESIS is the basic language in the infra structure of the systems for the semantic integration of information resources from multiple heterogeneous sources implemented in the mediator architecture [8, 57] . The infrastructure developed on the basis of this language was used in a number of research prototypes of systems designed for integrating information resources, in particular, in genetics [58] and in the project of a virtual observatory [6] .
A considerable contribution to the field of concep tual modeling in information and knowledge base sys tems was made by the infological approach. The ideas behind this approach were proposed in the beginning of the 1960s by B. Langefors who published during 15 years a series papers (see [59, 60] ) devoted to this approach in collaboration with other members of the Swedish school of conceptual modeling (J. Bubenko, A. Solvberg). Later, the ideas underlying the infologi cal approach were further developed and adapted for the needs of database technologies by B. Sundgren [61, 62] .
It is indicated in [61] that a feature of the infologi cal approach is that it makes a greater emphasis on the conceptual and semantic aspects of data structures and data processing compared with the conventional database technologies. The infological approach assumes the use of the models of the subject domain such that could naturally represent the reality from the viewpoint of human perception. A natural language could be most appropriate for such modeling. How ever, the ambiguity inherent in natural languages restricts the use of such languages for that purpose although there were attempts of this kind. For exam ple, in the project SYNTHESIS+ [63] , a verbal description of the subject domain in a natural language was used to automatically synthesize a schema of a relational database.
The authors of the infological approach proposed a data model based on predicate logic with an extended support of the concept of time as a tool for infological modeling. In essence, this model is a restricted version of the natural language. A brief analysis of the infolog ical approach can be found in [64, 65] .
The infological approach decomposes the model ing activity of the subject domain in designing infor mation and database systems into two parts-the info logical and the datalogical spheres. The development of a model of the subject domain designed to be used by humans (which is independent of the of the system implementation technologies) belongs to the infologi cal sphere. Such a model is called an infological model of the subject domain, and the tool used for its repre sentation is called an infological data model. For the purposes of implementation, the infological model of the subject domain is mapped to a computer environ ment. The result of such a map is oriented to the com puter technologies chosen for the implementation; it is called the datalogical model of the subject domain. Thus, the datalogical model of the subject domain describes a representation of the infological model in a computer environment. The field of modeling related to the creation and use of the datalogical model of the subject domain is called the datalogical sphere.
In database systems, the datalogical model of the subject domain is the schema of the database. From the viewpoint of the ANSI/X3/SPARC architectural model, this is the conceptual database schema in the form that is supported by the DBMS. The data models No. 5 2009 CONCEPTUAL AND ONTOLOGICAL MODELING 249 used as the tools for representing the datalogical model of the subject domain can be naturally called datalogi cal data models.
Along with the data model that was thoroughly described by the authors of the infological approach, many researches proposed data models that can be assigned to infological category. A survey can be found in [64] .
The infological approach considerably affected the research in the database technologies in the Soviet Union. In the 1980s, a number of research projects aimed at the creation of high level conceptual data models were performed in which their authors adopted the infological approach. These are the data models used in the projects Omega 1 [66, 67] , PRO BAD [68] , the data model KOMOD based on predi cate calculus [69] , and some others.
In conclusion of this section, we want attract the reader's attention to the conceptual modeling lan guages used in modern industry level technologies of database and information systems development. In this field, the object technologies of the analysis and design and object data models have been dominating for the ten recent years. After the appearance of the UML visual design language at the end of the 1990s, it quickly became, under the support of the OMG con sortium, the de facto standard. Presently, UML is supported by many CASE tools used in the develop ment of complex software systems and databases. UML class diagram and the constraints specified in the object constraint language (OCL) are used.
In recent years, under the influence of the intensive and fruitful activity of the W3C consortium aimed at the creation of Semantic Web technologies, some ele ments of these technologies attracted the attention of the developers of information systems and databases as conceptual modeling languages. Lately, in many research projects, the RDF language along with the ontology description languages RDFS and OWL have been used for describing the conceptual schema. Free and commercial ontology engineering tools are also used.
Recently, means based on the Semantic Web tech nologies started to appear. For example, we note paper [70] in which an extension of XML called the concep tual XML (C XML) is used as the conceptual model ing language. In the development of this language, the authors were guided by the fact that presently compa nies possess multiple heterogeneous information resources based on different hypotheses with different formats and schemas, and many of these resources contain XML data. The authors of that paper believe that these facts impose special requirements upon conceptual modeling, and it is useful to develop con ceptual modeling tools satisfying those requirements.
THE ROLE OF CONCEPTUAL SCHEMA IN DATABASE SYSTEMS
The publication of the ANSI/SPARC report, in which a key architectural principle of database systems was an explicit representation of the conceptual schema of the database and its support by DBMS mechanisms, triggered active discussions on how a conceptual schema should look like and what func tions it must perform. In particular these questions were discussed at conference [71] . There was no gen eral agreement on whether the conceptual schema should be mainly a model of the subject domain pro duced as a result of the system analysis of this domain or be only a mediator between the user view of the database and the database actually stored thus describ ing the database contents and abstracting itself from the aspects of the storage. In [72] , and in other publi cations, contradictions in the interpretation of the conceptual schema were discussed.
It was assumed in the ANSI/SPARC report that it must perform both functions. The authors of the report believed that the conceptual schema must have a machine readable form and must be represented in a well defined potentially standardizable language. In report [73] devoted to the state of the preparation of the ANSI/X3/SPARC report, T. Steel, who was the leader of the working group at that time, believed that the conceptual schema should be used only by experts and the conceptual data model representing this schema should be a descriptive model based on formal logic. To represent the conceptual schema, a concep tual data model must be created that could maintain the semantics of the subject domain in the conceptual schema.
The role of the conceptual schema was discussed in many studies and publications. Standardization bod ies also took part in this discussion. To form a view point on the role of the conceptual schema in database systems and to define the concepts and terminology of conceptual schema languages for providing a basis for the standardization in this field, the working group ISO TC97/SC5/WG3 (ISO Working group 3 on the formation of concepts and terminology of the concep tual schema and information base of Technical Com mittee 97 of Subcommittee 5 on programming lan guages) was established.
In report [44] published by this working group, the role of the conceptual schema in database systems is thoroughly discussed. As in the ANSI/SPARC report, the conceptual schema is considered as a means for providing a reliable foundation for the map between the external and internal database schemas. Also, it must provide a basis for the communication between the people concerned with the database. Therefore, there must be languages for describing the conceptual schema in the form that is understandable for people and for the computer; this may be a single or different languages. In addition, the conceptual schema must provide a common basis for an adequate description of the static and dynamic aspects of the subject domain. The mechanisms supporting the conceptual schema must provide for its easy modification so as to reflect the changes in the subject domain. The representation of information about the subject domain for different users must be consistent with the declaration of the conceptual schema. Finally, the conceptual schema must be a stable invariant of possible changes of the internal database schema; that is, it must ensure the physical independence of data. The ability to repre sent the conceptual schema according to these requirements is considered in [44] as a minimum that must be met by any candidate for the role of the con ceptual data model.
There were different viewpoints on the role and capabilities of the conceptual schema. For example, M. Senko believed that the conceptual schema must be a communication environment for the users, and it must be based on a clear and readable (for people) descriptive language with a user oriented access lan guage. In his multilevel architecture DIAM II (Data Independent Accessing Model) [15] , the conceptual level of the ANSI/SPARC architecture was assigned to the infological sphere.
In [74, 75] , it was proposed to split the conceptual schema into two layers-the description of the subject domain (enterprise description) and the collective or central schema). The enterprise description is a semantic model of the subject domain, and the collec tive schema describes the corresponding contents of the database. Naturally, the semantic model of the subject domain belongs to the infological sphere, and it is only used at the stage of designing the database. The collective schema belongs to the datalogical sphere, and it is used both at the stage of designing the database and at the stage of its operation. Accordingly, one may assume that there are two interrelated ver sions of the conceptual model of the subject domain of which one plays the role of the conceptual schema of the subject domain and the other plays the role of the con ceptual schema of the database in the sense of the ANSI/SPARC report. Furthermore, the latter is gen erated by the map of the former to the technological environment of the corresponding DBMS.
A similar opinion was presented in [76] . From the viewpoint of its author, the conceptual database schema must be supported by DBMS mechanisms, while the infological model of the subject domain (that is, the infological conceptual schema of the subject domain) is abstracted from the implementation and is not connected to particular technologies and imple mentation tools.
Note that exactly this approach is implemented in the modern industrial technologies. In the existing CASE tools supporting UML and the respective design methodologies, the conceptual model of the subject domain is specified by the developers in terms of UML. As was mentioned above, the object con straint language (OCL) included in the UML standard is used to declare the constraints imposed on the ele ments of the class diagram. The resulting class diagram is actually an abstract implementation independent description of the subject domain; also, it is a concep tual model of the subject domain or the infological conceptual schema of the database. UML in combina tion with OCL constitute the conceptual modeling language. Furthermore, the specifications of the con ceptual model of the subject domain thus defined are mapped to the datalogical sphere generating a data base schema in SQL, ODL (ODMG standard), or another data description language depending on the data model supported by the DBMS at the conceptual level of its architecture. The generated machine ori ented conceptual database schema is supported by the DBMS mechanisms.
The use of infological conceptual database sche mas is not yet supported by commercial technologies. The intention of the ISO to standardize conceptual data models failed although the results obtained by the working group established for that purpose are cer tainly useful. Attempts to create database systems in which infological conceptual database schemas were supported by DBMS mechanisms were made only in research projects.
CONCEPTUAL SCHEMAS AND ONTOLOGIES: SIMILARITIES
AND DIFFERENCES We have already mentioned that, due to the hom onymy of the terms conceptual modeling and conceptu alization of the subject domain (after Gruber), there is a widespread misunderstanding among experts in information systems and databases; this is an attempt to use the ontology as a conceptual schema of the sub ject domain or just as a database schema.
Indeed, there are some similarities between the conceptual database schema and the ontology, and they can be used jointly. Ontologies can be used in the development of the conceptual schema [77] , and the conceptual database schema can be used in the devel opment of ontology [78] . However, these concepts are intended for different purposes, and there are some significant differences between them. The similarities and differences between conceptual schemas and ontologies are discussed in many publications (e.g., see 30, [79] [80] [81] [82] [83] ). We briefly consider them below.
The similarities between the conceptual schema and the ontology of the subject domain are as follows.
• Both artifacts are results of the abstract modeling of the subject domain using expressive means that are independent of the implementation.
• Both the ontology and the conceptual schema are partial descriptions of the subject domain, and the structure and constraints (rules) concerning the corre sponding aspects of the subject domain to be modeled must be taken into account in both cases.
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• Both the ontology and the conceptual schema (the infological one) are abstract models of the subject domain (although they have different purposes).
• Both the ontologies and the conceptual schemas can be used for the semantic modeling of the subject domain (from different perspectives) so as to provide the communication of experts and semantic interop erability of computer systems in the subject domain and to integrate multiple information resources.
• Both the ontologies and the conceptual schemas can have a multilevel representation. The lower the level, the lower the degree of abstraction of the model. The higher the degree of abstraction of the model, the greater are chances that it can be used in different sub ject domains.
• Both the ontology and the conceptual schema are results of a consensus of a wide community inter ested in a unified interpretation of the semantics of the subject domain.
• Both the conceptual schema of the infological sphere and the ontology are used not only at the stage of the system design but also at the stage of its opera tion.
• The field of application of ontologies and con ceptual models is approximately the same. Both the ontologies and the conceptual models are used not only in information and database systems but also in knowledge engineering, in software engineering, for the integration of heterogeneous information resources, and in other fields of information technol ogies.
• Finally, it is important to note that the same con ceptual modeling languages can be used to describe ontologies and conceptual schemas.
The differences between the conceptual schema and the ontology of the subject domain are as follows.
• In ontological modeling, the concepts, rather than entities, of the subject domain play the key role. It is in this sense that the term conceptualization in Gruber's definition must be interpreted. On the con trary, conceptual modeling is intended to represent the entities of the subject domain.
• In database technologies and in knowledge engi neering, the result of conceptual modeling of the sub ject domain is a conceptual structure of the subject domain along with the associated constraints and a description of behavior that are specified abstractly in the form of functions and processes (note that the con ceptual structure has different nature in the cases of database technologies and knowledge engineering). This structure is implemented in the conceptual schema of the database or knowledge base. It is natu rally associated with an ontological model of the subject domain, in which the definitions of concepts annotate the respective names of the definitions of the concep tual schema. Therefore, the conceptual schemas and the ontologies of the subject domain play different roles.
• In distinction from ontology description lan guages, object conceptual modeling languages, like the object oriented programming languages, encapsu late information about the entities of the real world in the objects (in their types).
• In the conceptual schemas of the conventional databases and in ontologies, different semantic rela tions are used. In ontologies, these are relations between concepts, while in conceptual schemas, they are relations between entity types, functions, and pro cesses.
• The conceptual schema in database technologies deals only with entity types (classes) and relationship types; the ontology can also deal with individuals. In hybrid conceptual modeling languages, which combine the capabilities of structured and weakly structured languages, there is no such distinction.
• The conceptual schema describes the conceptual structure of the subject domain, while the ontology is mainly oriented to the definition of the concepts used in the subject domain. The definitions of concepts can be represented, for example, using the relation is a.
• An ontology must be a conceptualization of the subject domain, and a conceptual database schema must be its theory (the database itself is a model of the formal theory, i.e., of its conceptual schema).
• In the conventional database technologies, the conceptual schema is constructed on the basis of the closed world assumption; on the contrary, the ontology is based on the open world assumption, which is more natural for knowledge representation technologies. Under the former assumption, all the facts stored in the database are assumed to be true. Under the latter assumption, each fact is assumed to be true until the validity of its negation is proved. However, the open world assumption can be used in some advanced projects of conceptual models.
Therefore, we see that there are considerable dis tinctions between conceptual database schemas and ontologies.
REMARKS ON TERMINOLOGY
Here, it is reasonable to pay attention to the termi nological aspects of conceptual modeling in database technologies. Unfortunately, the terminology in this field has not yet become fixed. Conceptual modeling in database technologies is addressed in many publica tions. In these publications, there are repeated termi nological inconsistencies concerning the basic terms in the field under examination. We have already addressed this topic in [84] [85] [86] [87] . However, in the past 25 years after the first of these publications, the situa tion did not change much, and this topic remains to be important.
In this paper, we restrict ourselves to the incorrect use of some basic terms that are encountered most often. They pertain to the types of models used in this field. In the publications devoted to conceptual mod eling in database technologies, we often encounter a confusion of concepts. Some authors identify the con ceptual model of the subject domain with the concep tual data model [78, 88, 89] . It is clear that, in this case, the modeling result (the conceptual model of the subject domain) is identified with the modeling tool (the conceptual data model or the conceptual model ing language).
The terms data model and model of the database are often used as synonyms. In this case, they are often treated as the data structure of a particular database or, sometimes, as its description, that is, as the database schema. Such an interpretation was formed at the early stages of the development of database technologies. Unfortunately, it is still used in the literature and doc umentation for many software products. In recent years, it has also started to be used in the specifications of standards of XML technologies. However, in the lit erature devoted to databases, the term data model acquired a different meaning as early as in the middle of the 1970s. This term started to be interpreted as a data modeling tool for determining the set of admissi ble data structures in databases, the set of possible operations over data, and the types of integrity con straints that can be imposed on data structures. The data model as a modeling tool consists of languages that can describe the data, integrity constraints imposed on them, and a specification of operations over the data having admissible structure. It is seen that such an interpretation of the term data model belongs to the datalogical sphere of database technol ogies. However, after the publication of the ANSI/SPARC report [3] , this term also started to be used in connection with the infological sphere (as we mentioned above).
Another point that deserves attention in the termi nology of this field concerns the database model. In distinction from data model, this term actually denotes the database schema, although one can encounter the interpretation of this term as the data model in its ear lier and, sometimes, in the modern sense.
Furthermore, we must pay attention to the diversity of the representations of subject domain models in database systems. An insufficiently clear understand ing of this issue also causes terminological mistakes. We have already discussed conceptual models of the subject domain, of which infological models are a par ticular case. A conceptual model of the subject domain is its abstract model independent of the implementation aspects. It was already mentioned above that this model determines the conceptual structure of the sub ject domain, its behavior, and constraints. In database technologies, the conceptual model of the subject domain is represented in the form of the conceptual database schema.
In database systems, in addition to the conceptual model of the subject domain mapped to the datalogi cal sphere (i.e., in addition to the conceptual database schema), some other indirect models of the subject domain are supported. These can be intensional mod els represented by database schemas at all levels of the system architecture (external schemas, datalogical conceptual schema, and internal schema) and exten sional models (the contents of the database) such as external, conceptual, and internal databases (in terms of ANSI/SPARC).
Among the terminological collisions in this field, we want to mention the situation discussed above when the ontology of the subject domain is considered as the conceptual database schema and the cases when the conceptual model of the subject domain is identified with the conceptual data model or the conceptual schema is identified with the conceptual data model.
Finally, it is noteworthy to mention the ellipsis of terms, namely, the truncation of a part of the term. For example, one can use conceptual model without speci fying the modeled object. However, there are concep tual models of the subject domain and conceptual data models. An ellipsis of a term outside a context results in ambiguity of its interpretation.
CURRENT PROBLEMS OF CONCEPTUAL MODELING
Although conceptual modeling in database tech nologies is an advanced field of research and applica tions, the studies in this field continue. The main forum for discussions is the international conference on Entity Relationship Approach to Information Modeling and Analysis (ER), which was first held in 1979. In 2007, the 26th conference was held. Initially, ER was planned as a forum for discussing the direction of development and practical applications of the entity relationship data model proposed by Chen in 1976 as a tool for conceptual modeling of the subject domain. Later, the themes of the conference were extended. Beginning from 1996, the wider subject matter of the conference was reflected in its name; now it is Conceptual Modeling-ER.
The current directions of the conceptual modeling development are reflected in the topics discussed at the ER conferences in recent years, although prob lems beyond the main direction of research designated in its name are usually also discussed as in many other major conferences. Among the fundamental topics discussed at this conference in recent years and directly related to conceptual modeling are the rela tionship between the conceptual and ontological modeling, ontology driven conceptual modeling, development of ontologies by using the conceptual schema, object approach in conceptual modeling, quality estimation and metrics of conceptual models of the subject domain (in particular, defining metrics for UML diagrams), and relationships between the conceptual modeling technologies and the Semantic Web technologies.
An important place is occupied by the discussion of specific approaches to conceptual modeling for non conventional complex applications and important application fields such as e business, remote learning, life sciences, development of Web applications, devel opment of systems that deal with temporal and (or) spatial data, GIS, and systems having agent based and Web services architecture.
Tool development problems, best practices of using UML, the use of XML technologies in conceptual modeling, and the use of RDF and OWL specifica tions are also discussed. Information extraction meth ods from text and XML documents for forming the conceptual model of the subject domain are consid ered. For example, techniques for extracting informa tion about conceptual relationships from text docu ments are discussed.
CONCLUSIONS
We showed in this paper that conceptual modeling and forming the ontology of the subject domain are similar activities. However, there are considerable dif ferences in their objectives and results. The conceptual modeling of the subject domain is an important stage in designing database and information systems. In this field, intensive studies and tool development continue that are aimed at the creation of efficient development technologies.
When writing this paper, we experienced consider able terminological difficulties. The conventional def initions of conceptual modeling of the subject domain and of the conceptual database schema used in data base technologies impede the introduction of their modern interpretation. For example, the conceptual schema in information systems occupies an interme diate place between applications and various distrib uted information resources (databases, services, and processes). From this viewpoint of the infrastructure of an information system, a more adequate term instead of the conceptual database schema would be the term conceptual schema of the subject domain or the conceptual schema of the collection of components of the intermediate layer corresponding to the subject domain (this layer is between the applications and the set of system resources used in the implementation of the system). Such components are called mediators [6] . In this treatment, it is reasonable to interpret the con ceptual model of the subject domain as a combination of the conceptual schema of the mediators and the ontol ogy used to define the concepts of this subject domain. The term conceptual modeling language used in this paper is rarely met in the literature. Taking into account the fact that such terminology is not com monly accepted, we respect the conventional interpre tations in the main body of the paper and propose a more modern interpretation of these most important terms for discussion.
